The effects of the grain growth and residual stress of Cu thin films on reflow were investigated. Agglomeration and grain growth of Cu films occurred during annealing in an oxygen ambient, while they were not observed in inert ambients. In the case of chemical vapor deposited Cu films, trench patterns of 0.5 m with an aspect ratio of 2 were completely filled at annealing temperatures higher than 400°C in oxygen ambient, due to the preferential agglomeration inside the patterns. Upon annealing at 400°C in an oxygen ambient, the agglomeration terminated within 10 min, while the thickness of Cu oxide increased to 18.3 nm, and normal grain growth, resulting in increased capillary instability of Cu films, was observed. Because of a larger volume of Cu oxide than Cu, the formation of Cu oxide led to compressive stress in the films. By calculation, it was shown that compressive stress could decrease through grain growth. It is considered that the agglomeration and reflow in an oxygen ambient resulted from the relaxation of compressive stresses via grain growth.
I. INTRODUCTION
At high temperatures, metal atoms on top of hole and trench patterns will move down to fill up the patterns. Such movement, termed reflow, is considered a method for fabricating Cu interconnects in future integrated circuits. In general, the behavior of reflow is affected by many factors, such as temperature, the nature of the ambient, the thickness and materials of the film, underlayer, pattern size, and aspect ratio. Gradients of chemical potential due to the curvature of the metal surface are the main driving force for the migration of atoms, 1 while surface diffusion is dominant for reflow in micropatterns among the various transport mechanisms. 2 In addition to surface diffusion, it was found that grain growth of Cu films driven by intrinsic stress could also have critical effects on reflow at elevated temperatures. In this article, the effects of stress in Cu films on grain growth and agglomeration will be discussed.
II. EXPERIMENT
Multilayers of Cu/TiN/Ti/SiO 2 /p-type Si structures were fabricated. Cu films 150 and 400 nm thick were deposited by metalorganic chemical vapor deposition ͑CVD͒ using copper ͑I͒ hexafluoroacetylacetonate trimethylvinylsilane and sputtering. TiN layers with a thickness of 60 and 30 nm were deposited by reactive sputtering and sputtering, respectively. Hole and trench patterns were made on thermal SiO 2 by conventional photolithography. Ex situ annealing was performed for 30 min in various ambients such as argon, nitrogen, helium, and oxygen. Argon flow was continued to prevent oxidation during heating and cooling the specimen; heating and cooling rates were 8 and 1-5°C/min ͑furnace cooling͒, respectively. Pressure in the annealing furnace was maintained at 1 mTorr. Characteristics of reflow and agglomeration were observed by scanning electron microscopy and transmission electron microscopy ͑TEM͒. The grain size of Cu films was then measured by bright field TEM images. Coulometric reduction method ͑CRM͒ was adopted in order to measure Cu oxide thickness on the surface of Cu. In the CRM measurement, cathodic potential remained constant until the reduction of Cu oxide was completed. By measuring the time of constant potential, Cu oxide thickness can be calculated: the details are reported elsewhere. 3, 4 The residual stress of Cu films was measured by the x-ray diffraction sin 2 ⌿ method, while Cu͑111͒ diffraction peaks were used and ⌿ was varied from 0 to 15.
III. RESULTS AND DISCUSSIONS
The behavior of the agglomeration varied significantly with the nature of the annealing ambient. Cu films prepared by CVD did agglomerate in the oxidizing atmosphere, but not in the inert ambient. Figure 1 shows the surface morphologies when CVD Cu films were annealed at 400°C in argon and oxygen ambients. When Cu films were annealed in the argon ambient, their morphology did not change when compared with the as-deposited films. The same result was obtained the helium and nitrogen ambients. However, upon annealing in oxygen ambient, Cu films became discontinuous and showed a TiN substrate ͑dark regions͒ as shown in Reflow of CVD Cu deposited on micropatterns was closely related to agglomeration. Due to the preferential agglomeration inside the patterns, trench patterns of 0.5 m with an aspect ratio of 2 were completely filled with Cu on oxygen annealing, as shown in Fig. 3͑b͒ . On the other hand, argon annealing preserved the voids in the middle of the patterns, as shown in Fig. 3͑c͒ . This rule that reflow occurs simultaneously with agglomeration is not compatible with the case of sputtered Cu films. The patterns were not filled after oxygen annealing; rather, the preferential agglomeration of sputtered Cu films happened outside the patterns, as shown in Fig. 4͑b͒ . Although the intrinsic properties of the CVD and sputtered Cu films are quite different in many aspects, the major factor leading to dissimilar reflow characteristics seems to be the deposition profile of the film. In contrast to the uniform thickness of the CVD film deposited on trench patterns, the thickness of the sputtered film varied along the deposited positions, as shown in Fig. 4͑a͒ . While the agglomeration of the sputtered film occurred either inside or outside the patterns, as shown in Fig. 4͑b͒ , the trenches were not filled because there was insufficient copper in the patterns to fill them. The results were conflicting as to whether the reflow of copper was promoted, 5 or inhibited 6 by the agglomeration. These differences may result from the thicknesses of the as-deposited films inside patterns. It is worth noting from our results that the agglomeration of Cu films is a specific phenomenon occurring in an oxygen ambient, and will promote the reflow of Cu if there is sufficiently thick Cu in the micropatterns.
Prior to analysis of the agglomeration of Cu films in oxygen ambient, the thickness of Cu oxide formed during oxygen annealing was measured by CRM. As shown in Table I , the thickness of Cu oxide increased with increased annealing time at 400°C in oxygen ambient. However, the agglomeration for CVD Cu films terminated within 10 min at 400°C, as shown in Fig. 5 . This indicates that Cu oxide less than 18.3 nm thick, corresponding to thickness with 10 min oxidation, is sufficient to induce agglomeration.
Normal grain growth was observed for the CVD films annealed in oxygen ambient at 400°C, as shown in Table II . The grain size of 400-nm-thick Cu films annealed in an oxygen ambient became four times larger than films annealed in helium ambient. It is well known that grain size is closely related to the capillary instability 7 of thin films. Large grain induces a thermal groove reaching a substrate, resulting in agglomeration of the film. On the contrary, a film with small grain size maintains its continuity because the thermal groove stops when the surfaces of the grains become spherical ͑gradients of curvatureϭ0͒. As a result, it seems that the agglomeration of Cu films results from grain growth induced by the oxidation of the film. The reason for grain growth in oxygen ambient is not fully understood, but residual stress is considered the most probable candidate affecting grain growth of the films. In general, the stress can be divided into two categories, intrinsic and extrinsic.
Intrinsic stress originated from various factors, such as lattice mismatch between the thin film and the substrate, impurities, defects, and chemical reaction and the like. The oxidation of Cu films fixed at TiN/Ti/Si substrate is considered to produce considerable compressive residual stress, due to volume expansion resulting from Cu oxide formed in Cu films. It has been reported in other systems such as Ta, 8 Al, 9 Mo, 10 Au, 11 Ag, 11 Ni, 12 and Fe 12 where oxygen incorporation induced an increase in compressive stress in the films. It is clear that oxygen was incorporated in Cu films during oxygen annealing as shown in Fig. 6 . Oxygen may exist as Cu oxide at surfaces or grain boundaries of Cu films because the solubility of oxygen in Cu is extremely low at temperatures below 450°C. 13 Since extrinsic stress caused by the difference in the thermal expansion coefficient between the film and the substrate is related not to the annealing ambient, but to the temperature difference, it produces no effect on grain growth. Table II shows the change in residual stress in Cu films with annealing. The residual stress of the as-deposited film increased to 490 MPa via helium annealing, but contrarily decreased to 133 MPa when annealed in oxygen. The increase in residual stress in inert ambient seems to result from the thermal stress and grain growth mentioned previously. The stress decreases in the oxygen ambient may be caused by oxygen incorporation in Cu films. The similar result of grain growth and agglomeration in oxygen annealing was observed in the case of Ag and Au films. Figures 7͑a͒ and  7͑b͒ show the surface morphologies of 150-nm-thick Ag films annealed in argon and oxygen ambients, respectively. Larger grains and more holes are observed in the case of oxygen annealing than argon annealing. Additionally, Pennebaker 14 reported that Au films did not agglomerate until 580°C in a forming gas ambient, but the surface of the films coarsened with very large grains when it was slightly exposed to air or oxygen at 500°C. These results are attributed to the compressive stress increase due to oxygen incorporation in the films.
The compressive stress resulting from oxidation can be relaxed by grain growth. The residual stress change with grain size can be calculated by simplification as shown in Fig. 8 , which shows that the length and grain size of the as-deposited film A vary from those of film B and film C through grain growth only and grain growth accompanied by oxidation, respectively. L i and d i denote the length and grain size of the film i, respectively; ␦ is the width of a grain boundary, which is assumed not to change due to grain growth or oxidation, as reported in Chaudhari's study. 15 If N is the number of grains of film B or C, (d B /d A )N will be that of film A because of the conservation of mass. Since the Pilling-Bedworth ratio of Cu is 1.68, 16 t ox thick Cu 2 O film forms consuming 0.6t ox thick Cu. Therefore, d B and d C have a relationship such as
From these facts, equations giving L A , L B , and L C can be formulated as follows:
͑4͒
Meanwhile, the stress change in Cu films settled on substrates during grain growth and oxidation, ⌬, is written as
where E comp is Young's modulus of the composite of Cu and Cu 2 O, and ⌬⑀ is strain change. The approximations in Eq.
͑5͒ is reasonable for ␦, which corresponds to a few atomic layers in general. E comp is also given as Eq. ͑6͒ 
Equation ͑7͒ represents the residual stress change of Cu films with final grain size (d C ) after oxygen annealing. When grain growth only occurs without oxidation during annealing, t ox ϭ0, d C ϭd B , and E comp ϭE Cu so that Eq. ͑7͒ can be reduced to
͑8͒
This result is similar to that of Keller et al., 17 and notes that grain growth basically induces tensile stress in films, and relieves compressive stress only. Figure 9 shows a residual stress change inversely proportional to d C , obtained by putting appropriate values into Eq. ͑7͒, where t ox is 18.3 nm from 18 E Cu is 124 GPa, 19 and E Cu 2 O is 27.6 GPa. 20 If Cu oxide is formed at the grain boundaries of Cu films but the grains do not grow from the as-deposited state, d C will be d A ϩ0.8t ox and a compressive stress of 5.6 GPa will exist in the film. However, if grain growth occurs upon oxygen annealing, compressive stress will decrease to 1.6 GPa. In other words, the large compressive stress produced by oxidation can be relaxed by the grain growth. When Cu films are annealed in oxygen ambient, compressive stress increases gradually, due to oxide formation at the grain boundaries: to relieve the stress, grain growth initiates and proceeds with agglomeration during oxygen annealing. The measured data in Table II differ substantially from the calculated data. This may be a result of thinner oxide formation at grain boundaries than the 18.3-nm-thick Cu 2 O used for the calculation, as well as the stress relaxation by plastic deformation owing to sparse film microstructure, especially in CVD films. Although there is some discrepancy between the calculation and the experimental results, the calculation states that grain growth is effective in reducing compressive stress development during oxygen annealing of Cu films.
IV. CONCLUSIONS
Agglomeration and grain growth of Cu films were observed in oxygen annealing at 400°C, but did not occur in the case of inert ambients such as argon, nitrogen, and helium. Compressive stress was produced in the films due to the larger volume of Cu oxide than Cu, and grain growth was accompanied for reducing intrinsic stress. Increased grain size induced capillary instability in the films, which resulted in agglomeration. The preferential agglomeration of CVD Cu films inside trench patterns caused the filling of the patterns with Cu; from the results it was considered that the agglomeration and grain growth affected the reflow of Cu films, as well as the self-diffusion of Cu along the surface. 
